Alginate microgels are widely used as delivery systems in food, cosmetics, and pharmaceutical industries for encapsulation and sustained release of hydrophilic compounds and cells. However, the encapsulation of lipophilic molecules inside these microgels remains a great challenge because of the complex oil-core matrix required. The present study describes an original two-step approach allowing the easy encapsulation of several oil microdroplets within alginate microgels. In the first step, stable oil microdroplets were formed by preparing an oil-in-water (O/W) Pickering emulsion. To stabilize this emulsion, we used two solid particles, namely the cotton cellulose nanocrystals (CNC) and calcium carbonate (CaCO3). It was observed that the surface of the oil microdroplets formed was totally covered by a CNC layer, whereas CaCO3 particles were adsorbed onto the cellulose layer. This solid CNC shell efficiently stabilized the oil microdroplets, preventing them from undesired coalescence. In the second step, oil microdroplets resulting from the Pickering emulsion were encapsulated within alginate microgels using microfluidics. Precisely, the outermost layer of oil microdroplets composed of CaCO3 particles was used to initiate alginate gelation inside the microfluidic device, following the internal gelation mode. The released Ca2+ ions induced the gel formation through physical cross-linking with alginate molecules. This innovative and easy to carry out two-step approach was successfully developed to fabricate monodisperse alginate microgels of 85 pm in diameter containing around 12 oil microdroplets of 15 mu m in diameter. These new oil-core alginate microgels represent an attractive system for encapsulation of lipophilic compounds such as vitamins, aroma compounds or anticancer drugs that could be applied in various domains including food, cosmetics, and medical applications.
INTRODUCTION
Hydrogel microparticles containing an oil core have widely been explored for their broad range of applications in food, medicine and pharmaceutics, where they are used as delivery systems for encapsulation, protection and controlled release of lipophilic compounds.
1,2 Natural polymers such as polysaccharides have attracted great attention as delivery materials because of their high biocompatibility and biodegradability. Among all polysaccharides, alginate has become an excellent candidate for hydrogel microparticle formation. Due to its anionic nature, alginate can easily be structured in microgels through ionic cross-linking with divalent cations, such as calcium ions.
According to the well-known "egg-box" model, 3 calcium ions are implied in the formation of stable junction zones through ionic binding to pairs of carboxyl groups from two neighboring alginate chains. Alginate microgels are generally prepared following a two-step process; droplets are first generated and in the subsequent step, their gelation is induced by physical cross-linking. Micronsized droplets are usually produced by emulsification methods such as dripping, jetting, sonication as well as electrostatic droplet generation and membrane emulsification. [4] [5] [6] [7] However, none of these techniques allows to obtain droplets with a narrow size distribution and the use of both high energy and temperature may lead to alteration of the polysaccharide structure and to degradation of the biological molecules to be encapsulated within the droplets. Taking into account all these parameters, microfluidic technology, manipulating multiphase laminar flows to produce homogeneous structures, appeared as a versatile method to generate micrometer-sized droplets with controllable size and functionality. [8] [9] [10] In order to induce the gelation of the droplets formed in the microfluidic device, two gelation mechanisms are mainly employed, namely external and internal gelation. In the case of external gelation, the cross-linking agent dissolved in the apolar continuous phase diffuses to the droplet phase and initiates its gelation from its surface. 8 The cross-linking agent can also be dissolved in the aqueous gelling bath outside the microfluidic device, where the droplets are collected. 11 However, the deformation of droplets during their transfer from the continuous oil phase to the gelling bath and the rapid gelation often leads to deformed microgels.
The mechanism of internal gelation consists in release of the cross-linking agent dispersed in the droplet phase in its inactive form, by diffusion of an activating compound from the continuous phase into the droplets. The cross-linking agent once liberated interacts with the biopolymer molecules causing their gelation. 8 Internal gelation was successfully applied to produce alginate microgels using microfluidics by integrating calcium carbonate (CaCO 3 ) insoluble particles into the alginate aqueous solution. 8 The diffusion of acetic acid from the continuous oil phase to the droplet phase caused an increase in acidity to pH<6. ions induced alginate gelation. 17 A microfluidic approach was recently developed to structure alginate into microfibers with encapsulated alginate particle-in-oil droplets. 19 The resulting microfibers contained either a single alginate particle per oil droplet or several alginate particles per oil droplet. The multicompartment alginate fibers obtained were used to encapsulate a wide range of hydrophilic/hydrophobic and biological/inorganic compounds. Nevertheless, all these previous studies allowed to produce in one-step microfluidic process alginate microcapsules or microfibers containing only one oil microdroplet. Contrary to the encapsulation of only one oil droplet, the encapsulation of lipophilic compounds within several oil microdroplets should enhance their protection and ensure their sustained release.
In this context, the purpose of the present study was to develop an original two-step approach to generate monodisperse alginate microgels containing several highly stable oil microdroplets. The principal stages of the approach used are schematically presented on Figure 1 . In the first step, oil microdroplets were obtained by preparing oil-in-water (O/W) Pickering emulsion, 20 stabilized by solid particles, namely cotton cellulose nanocrystals (CNC) and CaCO 3 . In the second step, alginate microgels containing several oil microdroplets were generated using microfluidics. The use of CNC allowed to stabilize the oil microdroplets and to prevent them from undesired coalescence Characterization Methods. Fluorescence and phase contrast microscopy images were captured with an Olympus IX51 inverse microscope (Olympus, France) equipped with a phase contrast illumination, a standard red filter (BP 510-550 nm, DM 570 nm, BA 590 nm) and a digital camera (Hamamatsu, France). The number of oil microdroplets encapsulated into fifty alginate microgels was counted from optical microscopy images. Droplet diameters of both the Pickering emulsions and alginate microgels were measured using the ImageJ freeware v1.35c. Zeta potential was measured in aqueous suspensions of CaCO 3 at 0.1 wt%, CNC at 0.1 wt% and CNC at 0.1 wt% with 20 mM NaCl using Malvern 3000 ZetasizerNanoZS (Malvern Instruments, U.K.). Scanning electron microscopy (SEM) observations were made using JEOL 7600F instrument (JEOL, US).
Pickering emulsions for SEM were prepared as previously described 22 
RESULTS AND DISCUSSION
Preparation of O/W Pickering Emulsion. In the present study, monodisperse alginate microgels encapsulating several highly stable oil microdroplets were generated using an original two-step approach (Figure 1 ). In the first step, oil microdroplets were produced by preparing an O/W Pickering emulsion. Pickering emulsions require an interfacial solid material that exhibits affinity for the two phases of the emulsion. 23, 24 Therefore, an amphiphilic character of the solid emulsifier is necessary to ensure its efficient adsorption at the liquid interface. Particles with a more hydrophilic character lead to O/W, whereas more hydrophobic particles lead to inverse W/O emulsions. 23, 24 The irreversible adsorption of solid particles at the liquid interface allows not only to stabilize the emulsion droplets against coalescence but also to create a physical barrier for material transfer. 25 Recently, solid cellulosic nanocrystals were shown to be excellent candidates to stabilize O/W Pickering emulsions. [26] [27] [28] Cellulosic nanocrystals used in the present study were It was previously shown that in order to obtain a stable O/W Pickering emulsion, the repulsive interactions between highly charged CNC, which limit their adsorption at the interface, should be screened by addition of salt. 27 The addition of 20 mM NaCl was essential to efficiently increase the zeta potential of CNC suspension and to obtain an optimum emulsion volume. 27 In agreement with these previous results, the zeta potential of an aqueous CNC suspension at 0.1 wt% measured in the absence of salt was negative with a value of -53 mV, whereas the addition of 20 mM NaCl caused an increase in the zeta potential up to -33 mV. Figure 3A presents a typical hexadecane-in-water
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Pickering emulsion obtained and stabilized by CNC at 0.1 wt% and 20 mM NaCl. As hexadecane has a lower density than water (d = 0.82 g/cm 3 at 25°C), a creaming process is always observed.
The droplet size of the Pickering emulsion, as assessed by optical microscopy ( Figure 3B ), was slightly polydisperse with an average diameter of 11 µm  2 µm (N = 50). The surface morphology of stabilized oil microdroplets formed was examined by SEM and AFM.
Since hexadecane-in-water emulsions can not be depicted by the classical SEM approach, polymerizable resins offer a good alternative for sample preparation prior to SEM observations.
Because the surface tensions of hexadecane and styrene are very similar (27 and 32 mN/m, respectively), their ability to produce stable Pickering emulsions was shown to be similar. The aim of this first step was to obtain a stable O/W Pickering emulsion stabilized by CNC, which additionally contains CaCO 3 particles available for induction of alginate gelation. Therefore, in the subsequent step, the emulsion was prepared by mixing hexadecane with an aqueous suspension of CNC at 0.1 wt%, 20 mM NaCl and CaCO 3 particles at 0.2 wt%. CaCO 3 particles are strongly hydrophilic and they have been shown to stabilize O/W Pickering emulsions after modification of their wettability by interaction with amphiphiles, such as sodium dodecyl sulfate. 33 Recently, O/W Pickering emulsions were also stabilized by unmodified CaCO 3 nanoparticles. 34 However, the interfacial properties of CaCO 3 particles in the presence of CNC have never been examined before.
AFM image of dried aqueous CaCO 3 suspension presented on Figure 5 shows an important polydispersity in the particle size. Indeed, small spherical particles of an average diameter of 90 nm Figure 7A ). Further observations allowed to determine that the whole microdroplet surface is totally covered by CNC with CaCO 3 particles adsorbed onto the CNC layer ( Figure 7B and C). Although small CaCO 3 crystals of an average size of 200 nm, previously observed on AFM images on Figure 5 , were predominantly adsorbed, several larger aggregates were also noticed on the CNC surface. AFM image additionally revealed that CNC were also adsorbed onto the surface of large CaCO 3 particles ( Figure 7C ). Because the presence of NaCl is required during the preparation of the O/W Pickering emulsion stabilized by CNC, it can not be excluded that some NaCl particles crystallized with CaCO 3 and CNC particles.
The particular organization observed on the surface of oil microdroplets results most likely from the higher ability of the CNC to stabilize the oil/water interface due to their amphiphilic nature in comparison to hydrophilic CaCO 3 particles. As CNC expose their hydrophobic plane toward the oil phase, their hydrophilic planes with hydroxyl groups might in turn be exposed into the water. Weak hydrophilic interactions can therefore be responsible for both the adsorption of CaCO 3 particles onto the CNC layer and CNC adsorption onto the CaCO 3 particle surface, especially if calcium atoms are hydroxylated, 33 i.e. they form Ca-OH groups in water. 
Fabrication of Alginate Microgels Containing O/W Pickering Emulsion using
Microfluidics. In the second step of the present approach, oil microdroplets of 15 µm  2 µm in diameter stabilized by CNC and CaCO 3 were integrated into alginate microdroplets generated by microfluidics. The flow-focusing geometry of the microfluidic device used to structure alginate solution mixed with the O/W Pickering emulsion into microgels is presented on Figure 8 (A and B) .
Alginate microdroplets were formed at the first junction, while their gelation was induced at the second junction. The addition of acetic acid into the oil phase at the second junction allowed to initiate the gel formation following the internal gelation mode. The diffusion of acetic acid from the continuous phase into the aqueous droplets leads to a decrease in pH, which results in solubilization of CaCO 3 solid particles adsorbed onto the surface of oil microdroplets from the Pickering emulsion. The fact that CaCO 3 particles are directly adsorbed onto the oil microdroplet surface initiates the gelation of alginate molecules at the microdroplet surface through physical crosslinking with released Ca 2+ ions. The stability of oil droplets is thus enhanced. The average diameter of alginate microgels formed was of 85 µm  4 µm (N = 50) ( Figure 8C and D) . Since the surface of oil microdroplets is efficiently stabilized by a CNC layer surrounded by a gelled alginate layer, these emulsified droplets remain stable several months when stored in CaCl 2 solution and no coalescence was observed inside the alginate microgels during this time. In fact, the average diameter of oil microdroplets inside the microgels (16 µm  3 µm) was very close to that measured on the initial Pickering emulsion (15 µm  2 µm). From fifty formed microgels, the average number of encapsulated oil cores was 12 ± 3. The weak variation of this number between different microgels is directly related to the small variation in size of the oil microdroplets.
In future, the size of the alginate microgel droplet could be controlled by taking advantages of the microfluidic technique. This control offers a way to adjust the number of encapsulated oil microdroplets depending on the aimed application. Indeed, the microgel droplet size can be tuned by playing with Ca and Q values. 10, 35, 36 Ca being defined by the product of the viscosity and the velocity of the continuous phase divided by the interfacial tension between the two phases and the flow ratio, Q, corresponds to the ratio between the flow rates of the continuous phase to the dispersed one. This suggests that a solid shell formed by adsorbed CNC efficiently protects the oil microdroplets and their content.
Oil microdroplets loaded with the fluorescent dye can be released from alginate microgels upon different conditions. In the present study, the degradation of alginate microgels loaded with fluorescent oil microdroplets was studied in two aqueous solutions containing either sodium citrate or ethanol. Due to chelating properties of sodium citrate, calcium cations are removed from alginate microgels, thereby uncrosslinking the gel. As observed on Figure 9B , already after few minutes, the alginate matrix started to dissolve and the oil microdroplets, previously encapsulated, were progressively surrounded by the solvent. All these microdroplets were completely released in the aqueous solution of sodium citrate after 1h. Moreover, several days after the alginate microgel degradation, the released oil microdroplets remained fluorescent, which emphasizes their high stability arising most likely from the CNC solid shell. In contrast, the addition of ethanol completely destructured alginate microgels and caused the coalescence of the encapsulated oil microdroplets ( Figure 9C ). In fact, the addition of solution miscible with the continuous phase was previously shown to destabilize the Pickering microdroplets dispersed in the continuous phase, which led to their coalescence. 38 As hexadecane used as oil phase for the Pickering emulsion preparation is slightly miscible with ethanol, 39 it diffused from the oil microdroplets into the suspending solution, which led to the phase separation phenomenon. Indeed, already after 1h of incubation in ethanol, fluorescent oil started to be clearly visible outside the alginate matrix. The degradation experiments performed put forward that the oil microdroplets can be released from alginate microgels upon demand and their content can be liberated using appropriate solvents. 
CONCLUSIONS
In the present study, an original two-step approach allowing the easy encapsulation of several highly stable oil microdroplets within alginate microgels was developed. Oil microdroplets were produced by preparing O/W Pickering emulsion, which was stabilized by solid CNC and CaCO 3 particles. It was assessed that even if the emulsification process was made in the presence of a mixture of CNC and CaCO 3 , CNC were firstly adsorbed onto the oil droplet surface. Oil microdroplet suspension stabilized by a CNC solid layer, on which CaCO 3 particles were adsorbed, was then mixed with an alginate solution to produce alginate microgels containing oil cores using microfluidics. CaCO 3 particles co-adsorbed onto the oil microdroplet surface in their inactive form triggered the gelation of alginate microdroplets inside the microfluidic device through in situ internal gelation mechanism. The innovative easy to carry out approach developed in the present study leads to the formation of microgels, based on a biocompatible and biodegradable polymer, which are filled with several oil cores that are efficiently stabilized by bio-based solid interfacial agent. This two-step approach was successfully applied to encapsulate into alginate microgels, oil microdroplets loaded with a model lipophilic compound, namely Nile Red fluorescent dye. It can be thought that the encapsulation of lipophilic compounds within several oil microdroplets stabilized by solid shells should ensure both a better protection and sustained release compared to common encapsulation within only one oil core not stabilized by a solid shell. The double-encapsulation of lipophilic molecules such as vitamins, aroma compounds or anti-cancer drugs within oil microdroplets integrated within naturally-based microgels could be explored in various domains including food, cosmetics and medical applications.
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